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(57) ABSTRACT 

Amechanism for maintaining reuse invalidation information 
includes a reuse buffer and a reuse invalidation buffer. The 

reuse buffer stores multiple instances of the reuse region. 
Each instance stored in the reuse buffer is identi?ed by one 
or more versions. The reuse invalidation buffer contains 
multiple entries. Each entry in the reuse invalidation buffer 
includes one or more pairs of pointers pointing to instances 
and versions of instances held in the reuse buffer. 
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MANAGEMENT OF REUSE INVALIDATION 
BUFFER FOR COMPUTATION REUSE 

FIELD OF THE INVENTION 

The present invention relates generally to 
microprocessors, and more speci?cally to microprocessors 
capable of reusing regions of software code. 

BACKGROUND OF THE INVENTION 

Modem softWare programs include many instructions that 
are executed multiple times each time the program is 
executed. Typically, large programs have logical “regions” 
of instructions, each of Which may be executed many times. 
When a region is one that is executed more than once, and 
the results produced by the region are the same for more than 
one execution, the region is a candidate for “reuse.” The 
term “reuse” refers to the reusing of results from a previous 
execution of the region. 

For example, a reuse region could be a region of softWare 
instructions that, When executed, read a ?rst set of registers 
and modify a second set of registers. The data values in the 
?rst set of registers are the “inputs” to the reuse region, and 
the data values deposited into the second set of registers are 
the “results” of the reuse region. Abuffer holding inputs and 
results can be maintained for the region. An entry in the 
buffer is termed an “instance.” When the region is encoun 
tered during the execution of the program, the buffer is 
consulted and if an instance With matching input values is 
found, the results can be used Without having to execute the 
softWare instructions in the reuse region. When reusing the 
results is faster than executing the softWare instructions in 
the region, performance improves. 

The example of the previous paragraph Works Well When 
the results are a function of nothing but the input values. 
When the results are a function of more than the input 
values, reuse is more complicated. For example, if a memory 
load instruction occurs in the reuse region, the results can be 
a function of the input values as previously described, and 
can also be a function of the data value loaded from the 
memory. If the memory load instruction accesses a memory 
location that is changed by a memory update instruction 
outside the region, then the region is said to be “aliased.” 

Aliased regions present a problem for reuse. Even When 
a matching instance exists in the reuse buffer, the reuse 
instance may not be usable because the aliased memory load 
instruction may read a different value that causes the correct 
results to differ from the results in the instance. Therefore, 
it is important to identify reuse instances that cannot be 
reused. One approach is to use an “invalidate” instruction 
that is placed after memory update instructions capable of 
Writing to the same location that the aliased load instruction 
accesses. Typically, the invalidation instruction includes a 
parameter identifying a reuse region. When the invalidation 
instruction is executed, reuse instances of the reuse region 
are invalidated. 

HoWever, it can be dif?cult and time consuming to ?nd all 
of the memory update instructions that may update the 
aliased address and to insert an invalidation instruction after 
each found update instruction. Furthermore, even if all of the 
appropriate instructions can be found, this approach is 
conservative in part because the memory update instruction 
may update an address other than the aliased address, but the 
invalidate instruction Will invalidate the region nonetheless. 

Therefore, there is a need in the art for an alternate method 
and apparatus for invalidating instances of aliased reuse 
regions. 
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2 
BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by Way of example, 
and not by Way of limitation, in the ?gures of the accom 
panying draWings and in Which like reference numerals refer 
to similar elements and in Which: 

FIGS. 1A—1C illustrate a code reuse region and a code 
region folloWing the code reuse region in various execution 
scenarios; 

FIG. 2 is How diagram of one embodiment of a process for 
reusing regions of code; 

FIGS. 3A and 3B are block diagrams of tWo embodiments 
of a reuse buffer and a reuse invalidation buffer; 

FIG. 4A is a How diagram of one embodiment of a process 
for maintaining reuse invalidation information using a tem 
porary reuse instance; 

FIG. 4B is a How diagram of one embodiment of a process 
for invalidating instances of an aliased reuse region; and 

FIG. 5 shoWs a processing system in accordance With an 
embodiment of the invention. 

DESCRIPTION OF EMBODIMENTS 

A method and apparatus for invalidating instances of 
aliased reuse regions are described. In the folloWing 
description, for purposes of explanation, numerous speci?c 
details are set forth in order to provide a thorough under 
standing of the present invention. It Will be apparent, 
hoWever, to one skilled in the art that the present invention 
can be practiced Without these speci?c details. In other 
instances, Well-knoWn structures and devices are shoWn in 
block diagram form in order to avoid obscuring the present 
invention. 
Some portions of the detailed descriptions Which folloW 

are presented in terms of algorithms and symbolic repre 
sentations of operations on data bits Within a computer 
memory. These algorithmic descriptions and representations 
are the means used by those skilled in the data processing 
arts to most effectively convey the substance of their Work 
to others skilled in the art. An algorithm is here, and 
generally, conceived to be a self-consistent sequence of steps 
leading to a desired result. The steps are those requiring 
physical manipulations of physical quantities. Usually, 
though not necessarily, these quantities take the form of 
electrical or magnetic signals capable of being stored, 
transferred, combined, compared, and otherWise manipu 
lated. It has proven convenient at times, principally for 
reasons of common usage, to refer to these signals as bits, 

values, elements, symbols, characters, terms, numbers, or 
the like. 

It should be borne in mind, hoWever, that all of these and 
similar terms are to be associated With the appropriate 
physical quantities and are merely convenient labels applied 
to these quantities. Unless speci?cally stated otherWise as 
apparent from the folloWing discussions, it is appreciated 
that throughout the present invention, discussions utiliZing 
terms such as “processing” or “computing” or “calculating” 
or “determining” or “displaying” or the like, may refer to the 
action and processes of a computer system, or similar 
electronic computing device, that manipulates and trans 
forms data represented as physical (electronic) quantities 
Within the computer system’s registers and memories into 
other data similarly represented as physical quantities Within 
the computer system memories or registers or other such 
information storage, transmission or display devices. 
The present invention also relates to apparatus for per 

forming the operations herein. This apparatus may be spe 
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cially constructed for the required purposes, or it may 
comprise a general purpose computer selectively activated 
or recon?gured by a computer program stored in the com 
puter. Such a computer program may be stored in a computer 
readable storage medium, such as, but is not limited to, any 
type of disk including ?oppy disks, optical disks, 
CD-ROMs, and magnetic-optical disks, read-only memories 
(ROMs), random access memories (RAMs), EPROMs, 
EEPROMs, magnetic or optical cards, or any type of media 
suitable for storing electronic instructions, and each coupled 
to a computer system bus. Instructions are executable using 
one or more processing devices (e.g., processors, central 
processing units, etc.). 

The algorithms and displays presented herein are not 
inherently related to any particular computer or other appa 
ratus. Various general purpose machines may be used With 
programs in accordance With the teachings herein, or it may 
prove convenient to construct more specialiZed apparatus to 
perform the required method steps. The required structure 
for a variety of these machines Will appear from the descrip 
tion beloW. In addition, the present invention is not 
described With reference to any particular programming 
language. It Will be appreciated that a variety of program 
ming languages may be used to implement the teachings of 
the invention as described herein. 

In the folloWing detailed description of the embodiments, 
reference is made to the accompanying draWings that shoW, 
by Way of illustration, speci?c embodiments in Which the 
invention may be practiced. In the draWings, like numerals 
describe substantially similar components throughout the 
several vieWs. These embodiments are described in suf? 
cient detail to enable those skilled in the art to practice the 
invention. Other embodiments may be utiliZed and 
structural, logical, and electrical changes may be made 
Without departing from the scope of the present invention. 
Moreover, it is to be understood that the various embodi 
ments of the invention, although different, are not necessar 
ily mutually exclusive. For example, a particular feature, 
structure, or characteristic described in one embodiment 
may be included Within other embodiments. The folloWing 
detailed description is, therefore, not to be taken in a limiting 
sense, and the scope of the present invention is de?ned only 
by the appended claims, along With the full scope of 
equivalents to Which such claims are entitled. 

The method and apparatus of the present invention pro 
vide a mechanism for maintaining reuse invalidation infor 
mation. In one embodiment, a reuse buffer and a reuse 
invalidation buffer are con?gured to enable invalidation of 
instances of a reuse region. The reuse buffer is con?gured to 
store multiple instances of the reuse region. Each instance 
stored in the reuse buffer is identi?ed by one or more 
versions. The reuse invalidation buffer is con?gured to have 
multiple entries. Each entry in the reuse invalidation buffer 
includes one or more pairs of pointers pointing to instances 
and versions of instances held in the reuse buffer. 

In one embodiment, the reuse buffer and the reuse invali 
dation buffer are combined into one buffer. Alternatively, the 
reuse buffer and the reuse invalidation buffer are tWo inde 
pendent buffers that cooperate to enable invalidation of 
reuse instances of aliased reuse regions. 

FIGS. 1A—1C illustrate a code reuse region and a code 
region folloWing the reuse region in various execution 
scenarios. Referring to FIG. 1A, reuse region 10 is folloWed 
by code region 20. Code region 20 logically folloWs reuse 
region 10, and does not necessarily physically folloW reuse 
region 10. For example, code region 20 can include code that 
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4 
resides contiguous With reuse region 10 in memory, or can 
include code that does not reside contiguous With reuse 
region 10. Examples of non-contiguous regions include code 
in another function or code in another library. 

Reuse region 10 is a code region designated by a compiler 
as a reuse region. When reuse region 10 is executed, as 
shoWn by path 16, results of the execution of reuse region 10 
are stored, as shoWn by path 22, in an instance in a reuse 
buffer (not shoWn). Subsequently, When region 10 is encoun 
tered and a valid matching instance is found in the reuse 
buffer, previous results may be reused, as shoWn by path 24, 
and code region 20 may be able to be executed immediately, 
as shoWn by path 18. A matching instance is valid if it has 
not been invalidated, thereby becoming unusable. The 
invalidation process Will be described in greater detail 
beloW. 

For completeness, FIG. 1A shoWs many different possible 
paths. Not all of the paths listed are necessarily taken When 
a processor encounters reuse region 10. During execution, a 
processor identi?es reuse region 10, searches the reuse 
buffer and performs accordingly. Some possible scenarios 
are shoWn in FIGS. 1B—1C. 

FIG. 1B corresponds to an execution of reuse region 10 
When a valid matching instance does not exist in the reuse 
buffer. When a processor encounters reuse region 10, and no 
valid matching instance exists in the reuse buffer, reuse 
region 10 is executed as shoWn by path 16 in FIG. 1B. After 
reuse region 10 is executed, an instance in the reuse buffer 
can be created, and the results of the execution of reuse 
region 10 can be saved in the instance as shoWn by path 22. 
This is termed “memorization phase.” During the memori 
Zation phase, instances are created and saved in the reuse 
buffer for later use. The processor continues on by executing 
code region 20 as shoWn by path 17. 

FIG. 1C shoWs a scenario Where a valid matching instance 
exists in the reuse buffer. The results stored in the matching 
instance can be used and code region 20 can be executed 
directly. When a matching instance is found and it is 
determined that the matching instance is valid (i.e., it has not 
been invalidated), the previous results from the matching 
instance are reused as shoWn by path 24, and execution 
bypasses reuse region 10 and proceeds directly to region 20 
as shoWn by path 18. 

In one embodiment, When a matching instance is found 
but it is determined that the matching instance has been 
invalidated, reuse region 10 is executed as illustrated in FIG. 
1B. Alternatively, in this situation, speculative execution 
may be used. That is, reuse region 10 and code region 20 are 
executed in parallel. Like the scenario of FIG. 1C, code 
region 20 is executed using the previous results from the 
matching instance. In the meantime, reuse region 10 is 
executed in parallel With code region 20 to verify that the 
previous results are still valid. If the previous results are still 
valid, then the speculative execution can become non 
speculative, or be “committed,” and if the previous results 
are not still valid, then the speculative execution is throWn 
aWay, or “squashed.” FIGS. 1A—C are logical diagrams that 
include mechanisms capable of implementation in hardWare 
or softWare. In some embodiments, the entire implementa 
tion is in hardWare. This provides a very fast implementa 
tion. In other embodiments, a mix of hardWare and softWare 
is used. In one embodiment, the compiler that compiled the 
reuse regions aids in the reuse of code by adding instructions 
to signal to the hardWare that reuse is possible. In some 
embodiments, the compiler adds “end of region” instruc 
tions to signal the end of a reuse region and annotates aliased 
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memory operations such as aliased memory load or update 
instructions. As discussed above, a memory operation 
instruction is aliased if it accesses a memory location that 
may be changed by a memory update instruction outside the 
region. 

The compiler may also add “exit of region” instructions to 
signal that execution of the program Will continue outside of 
the reuse region before reaching the end of the region. In 
addition, the compiler may annotate register update instruc 
tions as “live-in” or “live-out” instructions. Live-in instruc 
tions are instructions that use registers not yet de?ned and 
Whose results are inputs to the region. Live-out instructions 
are those instructions Whose results outlive the execution of 
the region and become outputs of the region. Examples of 
live-out instructions include register update instructions that 
update registers utiliZed outside the scope of the reuse 
region. 

FIG. 2 is How diagram of one embodiment of a process for 
reusing regions of code. The process is performed by 
processing logic, Which may comprise hardWare, softWare, 
or combination of both. Processing logic may be either in a 
processor, or partially or entirely in a separate device and/or 
system. 

Referring to FIG. 2, the process begins With Waiting in 
decision block 204 until a reuse region is encountered. When 
a reuse region is encountered, decision block 206 determines 
Whether a valid matching instance exists. A matching 
instance is an instance having input values identical to the 
input values for the current execution. The matching 
instance is valid if it has not been invalidated. As Will be 
described in greater detail beloW, invalidation may happen if 
the reuse region includes a memory operation instruction 
that accesses an aliased memory address. If the matching 
instance has not been invalidated, the results of the matching 
instance are used to bypass the reuse region in processing 
block 208. 

OtherWise, if a matching instance either does not exist in 
the reuse buffer or does exist but has been invalidated, the 
memoriZation phase begins by identifying a neW instance in 
processing block 210. In one embodiment, a neW instance 
replaces an existing instance in the reuse buffer. Speci?cally, 
the reuse buffer maintains a certain number of instances for 
each reuse region. When a neW instance needs to be created, 
an existing instance is identi?ed for replacement by the neW 
instance. In one embodiment, the neW instance replaces the 
least recently used instance. In one embodiment, the neW 
instance is allocated in the reuse buffer at the beginning of 
the memoriZation phase. Alternatively, the neW instance is 
not allocated in the reuse buffer until the memoriZation 
phase competes successfully. In this embodiment, described 
in greater detail beloW in conjunction With FIG. 4A, a 
temporary instance is created for the neW instance. 

Next, processing logic Waits at decision block 212 until an 
aliased memory operation instruction is encountered during 
the execution of the reuse region. An aliased memory 
operation instruction is a memory load or update instruction 
that accesses an aliased memory address, i.e., a memory 
address that may be updated by a memory update instruction 
outside the region. When the aliased memory operation 
instruction is encountered, neW instance information is 
added to a reuse invalidation buffer at processing block 213. 
When the aliased memory address accessed by the aliased 
memory operation instruction is already represented by an 
entry in the reuse invalidation buffer, the neW instance 
information is added to this entry. The neW instance infor 
mation includes a reuse instance index pointing to the new 
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6 
instance and a version index pointing to a certain version of 
the neW instance. OtherWise, if no matching entry exists, a 
neW entry is added to the reuse invalidation buffer. The entry 
includes the address of an aliased memory location accessed 
by the memory operation instruction and the siZe of the 
aliased memory location. In addition, the neW instance 
information including the reuse instance index and the 
version index is added to this entry as described in greater 
detail beloW. 

If no aliased memory operation instruction is 
encountered, the process skips processing block 213 and 
proceeds directly to processing block 214, at Which one or 
more live-out registers and their values are added to the neW 
instance. Similarly, at processing block 216, live-in registers 
and their values are added to the neW instance. 

Further, processing logic Waits at decision block 218 until 
an “end of reuse region” instruction is encountered. When 
this instruction is encountered, the neW instance is set in the 
reuse buffer (processing block 220) as Will be described in 
more detail beloW. OtherWise, if this instruction is not 
encountered and, instead, an “exit of reuse region” instruc 
tion is encountered (decision block 222), then the neW 
instance is discarded at processing block 224. 

FIG. 3A is a block diagram of one embodiment of a reuse 
buffer and a reuse invalidation buffer. In one embodiment, 
reuse buffer 302 and reuse invalidation buffer 320 can be 
combined into one buffer. Alternatively, reuse buffer 302 and 
reuse invalidation buffer 320 can be used as tWo separate 
buffers. 

Reuse buffer 302 includes multiple entries, each entry 
having a tag ?eld 304, and an instance list 306. Tag ?eld 304 
uniquely identi?es reuse regions that have instance lists 
included Within reuse buffer 302. For example, entry 301 has 
a tag ?eld value of “TAG1,” and the corresponding instance 
list is shoWn in an exploded vieW as instance list 308. 
Instance list 308 includes a number of reuse instances for the 
reuse region corresponding to entry 301 in reuse buffer 302. 
Each instance entry in instance list 308 may include input 
information 311 (e.g., live-in registers and their values), 
output information 312 (e.g., live-out registers and their 
values) and a valid ?ag 313 for each instance. In addition, 
the instance entry includes a set of version bits 314 and a 
current version counter. The set of version bits 314 is used 
to identify versions of the reuse instance. The current 
version counter 315 points to the most recently created 
version of the reuse instance. In some embodiments, other 
?elds are included in an instance entry, such as a ?eld 
carrying least recently used information for replacement 
purposes. Each instance in instance list 308 has a unique 
reuse instance index, alloWing each reuse instance to be 
individually identi?ed. 

Reuse invalidation buffer 320 includes a number of 
entries, each having a value for address ?eld 322, a siZe ?eld 
323, and instances ?eld 324. For each entry, address ?eld 
322 holds an address of an aliased memory location 
accessed by an aliased memory operation instruction Within 
aliased reuse regions. SiZe ?eld 323 holds a siZe of this 
memory location. Instances ?eld 324 holds instance infor 
mation of reuse instances held in reuse buffer 302. As shoWn 
in an exploded vieW 326, instances ?eld 324 in each entry 
of reuse invalidation buffer 320 may contain instance infor 
mation for multiple instances. The instance information for 
each reuse instance includes a reuse instance index 328 
pointing to a reuse instance in reuse buffer 302 and a version 
index 330 pointing to a speci?c version of this reuse 
instance. Maintaining multiple versions of an instance by 
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utilizing version index 330 in cooperation With a set of 
version bits 314 and current version counter 315 for each 
reuse instance enables replacement of reuse instances and 
reduces false invalidation. 

When a softWare program is compiled, the compiler 
identi?es memory operation instructions Within reuse 
regions as aliased or non-aliased. When an aliased memory 
operation instruction that accesses an aliased memory loca 
tion is encountered during memoriZation of a reuse instance, 
a neW entry is created in reuse invalidation buffer 321, if no 
entry With matching aliased memory address exists. The neW 
entry includes the address of the aliased memory location, 
the siZe of the aliased memory location, and instance infor 
mation such as a reuse instance index of the reuse instance 
and a version index of the reuse instance. Alternatively, if an 
entry With a matching aliased memory address already exists 
in reuse invalidation buffer 320, the instance information is 
added to this entry. As a result, each entry of reuse invali 
dation buffers 320 contains a list of all instances of aliased 
reuse regions that access a corresponding aliased memory 
location. 

In one embodiment, each entry of reuse invalidation 
buffer 320 can be shared by multiple aliased memory 
operations. This embodiment may be implemented When the 
siZe of reuse invalidation buffer 320 becomes an issue. For 
example, a reuse region may contain loops resulting in 
numerous accesses of various aliased memory locations. 
Accordingly, aliased memory operations of such a reuse 
region may utiliZe a majority of entries in reuse invalidation 
buffer 321 unless buffer 321 is very large. In order to reduce 
the siZe of reuse invalidation buffer 321, each entry in buffer 
321 can accommodate multiple aliased memory operations 
using address ?eld 322 along With siZe ?eld 323. 

In one embodiment, reuse invalidation buffer 320 has a 
directly mapped structure. In this embodiment, all aliased 
memory locations With the same high order address value 
share one entry in reuse invalidation buffer 320. The 
memory locations have the same high order address value 
When an initial portion of their addresses is the same. For 
example, a memory location identi?ed by an address value 
of “0x0800” and a memory location identi?ed by an address 
value “0x0899” may share the same entry in reuse invali 
dation buffer 320 because all but the loWest eight bits of their 
address values are the same. 

When a neW aliased memory operation instruction is 
encountered and all entries in reuse invalidation buffer 320 
are occupied, a neW entry may replace an existing entry. 
HoWever, discarding the existing entry results in invalida 
tion of all associated reuse instances in reuse buffer 302. To 
avoid this unnecessary invalidation, the neW entry is mapped 
to an existing entry Which has an available slot for neW 
instance information (i.e., a reuse instance index and a 
version index for the instance being memoriZed). The 
address and siZe values of this entry are then updated 
accordingly. Speci?cally, the address ?eld of the entry is 
updated With the smallest value betWeen the address of the 
existing entry and the address of the neW entry. The siZe 
value is calculated according to the folloWing formula: 

max(addr1+size1, addr2+siZe2)-min(addr1, addr2), 

Where addr1 and siZe1 are the address and siZe of the neW 
entry, and addr2 and siZe2 are the address and siZe of the 
existing entry. 

In another embodiment, reuse invalidation buffer 320 has 
a set-associative structure. In this embodiment, a neW 
aliased memory operation is mapped to a set of entries in 
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8 
reuse invalidation buffer 320. That is, if any entry in the set 
of entries is unused, the neW aliased memory operation uses 
the available entry. If all the entries in the set of entries are 
occupied, an entry With an unused slot for neW instance 
information is used (or if none are available, an occupied 
slot is replaced With the neW instance information). Address 
?eld 322 and siZe ?eld 323 of this entry are then updated 
according to the above formula. 
As described above, each instance information in 

instances ?eld 324 includes reuse instance index 328 of the 
reuse instance and a version index 330 of the reuse instance. 
In some embodiments, When memoriZation of a reuse 
instance begins, an existing instance is identi?ed in reuse 
buffer 302 for replacement by the neW reuse instance. Then, 
a reuse instance index is de?ned for the neW instance. When 
an aliased memory operation instruction is encountered 
during the memoriZation phase, the neW instance informa 
tion that includes the reuse instance index is added to reuse 
invalidation buffer 320. The neW instance information also 
includes a version index. In one embodiment, the version 
index is de?ned using current version counter 315 of the 
existing instance. Speci?cally, the version index 330 is 
calculated as (C+1) MOD K, Where C is the current version 
counter of the existing instance and K is the number of 
version bits in the set of version bits of the existing instance. 
When the memoriZation phase ends successfully, the 

existing instance information (e.g., input information, output 
information, etc.) is replaced With information of the neW 
instance. Accordingly, the current version counter is noW set 
to (C+1) MOD K to point to a version bit that corresponds 
to the instance version identifying the created neW instance. 
In addition, this bit is noW set to 1 and all other bits in the 
set of version bits 314 are set to 0). As a result, correspond 
ing reuse instance index 328 points to the neW instance in 
reuse buffer 302 and version index 330 points to a particular 
version bit in the set of version bits 314 of the neW instance. 
The value of the version bit de?nes Whether an instance 
version is current. Speci?cally, if the version bit is set to 1, 
the instance version is current. OtherWise, if the version bit 
is set to 0, the instance version is no longer current, i.e., the 
version of the instance has been replaced or otherWise 
discarded. 

In some embodiments, the chance of discarding the reuse 
instance being memoriZed is high. As described above, 
discarding the reuse instance may happen, for example, if an 
“exit of reuse region” instruction is encountered during the 
execution of the reuse region. When a neW reuse instance is 
allocated in reuse buffer 302 in the place of an existing reuse 
instance but the neW reuse instance is subsequently 
discarded, then the existing reuse instance Was unnecessarily 
removed from reuse buffer 302. In addition, reuse invalida 
tion buffer 320 noW contains useless instance information 
pointing to the neW instance Which has been discarded. 

To address the above problems, a temporary instance is 
created for the neW instance Which is not allocated in reuse 
buffer 302 until the memoriZation phase completes success 
fully. FIG. 4A is a How diagram of one embodiment of a 
process for maintaining reuse invalidation information using 
a temporary reuse instance. The process is performed by 
processing logic, Which may comprise hardWare, softWare, 
or combination of both. Processing logic may be either in a 
processor, or partially or entirely in a separate device and/or 
system. 

Referring to FIG. 4A, the process begins With identifying 
an existing instance for replacement by a neW instance 
(processing block 404). Next, a reuse instance index is 
de?ned for the neW reuse instance (processing block 406) 
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and a temporary instance is created for the neW instance 
(processing block 408). At processing block 410, a version 
index is determined for the neW instance. In one 
embodiment, the temporary instance is considered as a neW 
version of the existing instance, and the version index is 
calculated as (C+1) MOD K, Where C is the current version 
counter of the existing instance and K is the number of 
version bits in the set of version bits of the existing instance. 
Both the reuse instance index and the version index are 
added to the reuse invalidation buffer as described above. In 
the meantime, the current version counter of the existing 
instance is set to as (C+1) MOD K, Where C is the current 
version counter of the existing instance and K is the number 
of version bits in the set of version bits of the existing 
instance. Thus, both the version index and the current 
version counter point to the next version of the existing 
instance Which identi?es the neW reuse instance. The set of 
version bits, hoWever, remains unchanged, still identifying 
an existing instance version as current, i.e., a version bit 
associated With an existing instance version is set to 1 and 
all other bits are set to 0. 

Further, if an “exit of reuse region” instruction is encoun 
tered (decision block 412), the neW instance is discarded 
(processing block 414). The corresponding instance infor 
mation in the reuse invalidation buffer does not need to be 
removed, as it may not result in unnecessary invalidation: it 
points to a version bit that is set to 0, thereby indicating that 
an associated instance version has been discarded. 

Alternatively, if the “exit of reuse region” has not been 
encountered, the memoriZation phase completes success 
fully by reaching an “end of the region” instruction 
(processing block 416), and the temporary instance is copied 
to the reuse buffer, replacing the existing instance 
(processing block 418). Afterwards, the set of version bits of 
the neW instance is updated (processing block 420) to set a 
version bit associated With the neW instance version to 1 and 
all other bits to 0. 

Returning to FIG. 3A, the invalidation process is noW 
described. Each time a memory update instruction, such as 
a store instruction, is encountered in a program, reuse 
invalidation buffer 320 is consulted to determine if the 
memory location accessed is an aliased memory location 
that Will cause a reuse instance to become invalidated. When 
the address identifying the aliased memory location is found 
Within reuse invalidation buffer 320, the corresponding 
current versions of instances listed in instances ?eld 324 are 
invalidated in instance list 306 of reuse buffer 302. For 
example, if a memory store instruction that accesses 
memory location “A1” is executed, reuse invalidation buffer 
320 is searched and matching entry 321 is found. Each 
instance information included in the entry 321 is examined. 
For example, for instance ICi, reuse instance index 328 is 
used to point to instance ICi in instance list 308 of reuse 
buffer 302, and version index 330 is used to identify a 
version bit in the set of version bits 314 of reuse instance ICi. 
If this version bit is set to 1 indicating that this instance 
version is current, reuse instance ICi is invalidated by 
resetting valid ?ag 313. 

FIG. 4B is a How diagram of one embodiment of a process 
for invalidating instances of an aliased reuse region. The 
process is performed by processing logic, Which may com 
prise hardWare, softWare, or combination of both. Process 
ing logic may be either in a processor, or partially or entirely 
in a separate device and/or system. 

Referring to FIG. 4B, the process begins With determining 
that an aliased memory location Was updated (processing 
block 454). Next, an entry representing the aliased memory 
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10 
location is found in a reuse invalidation buffer (processing 
block 456). In one embodiment, in Which multiple aliased 
memory operations share the same entry in the reuse invali 
dation buffer as described above, the entry’s address and siZe 
values are used to determine Whether the entry represents the 
updated aliased memory location. The folloWing formula 
may be used to make this determination: 

Where addr1 and siZe1 are the address and the siZe of the 
updated aliased memory location, and addr2 and siZe2 are 
the address and the siZe included in the entry of the reuse 
invalidation buffer. 
At processing block 458, one or more instances and 

corresponding versions of the instances are identi?ed in the 
reuse buffer using pointers included in the reuse invalidation 
buffer entry representing the updated aliased memory loca 
tion. For each instance, a determination is then made 
Whether the version of this instance is current. If the instance 
version is current, the instance is marked as invalid at 
processing block 460. Similarly, all other instances referred 
to by the reuse invalidation buffer entry are processed for 
invalidation. When all the instances are processed, the above 
entry in the reuse invalidation buffer becomes available for 
holding information pertaining to a neW aliased memory 
operation. 

FIG. 3B is a block diagram of one embodiment of a reuse 
buffer and a reuse invalidation buffer for invalidating entire 
reuse regions rather than individual reuse instances. FIG. 3B 
shoWs reuse buffer 350 and reuse invalidation buffer 360. 
Reuse buffer 350 includes tag ?eld 304, instance list 306, 
valid ?ag 352, a set of version bits 354 and a current version 
counter 356. Reuse invalidation buffer 360 includes address 
?eld 362, siZe ?eld 363, and regions list 364. Address ?eld 
362 and siZe ?eld 363 include addresses and siZes of aliased 
memory locations in the same manner as reuse invalidation 

buffer 320 (FIG. 3A). Regions list ?eld 364 includes a list of 
reuse regions included Within reuse buffer 350. Each region 
in regions list 366 includes reuse region index 368 and 
version index 370. When an aliased memory location rep 
resented by an entry in reuse invalidation buffer 360 is 
updated, each of the corresponding regions in reuse buffer 
350 is invalidated if its version is current. For example, 
When a store instruction to address “A1” is executed, reuse 
invalidation buffer 360 is searched and entry 361 is found. 
Each region information in entry 361 is examined. For 
example, reuse region index 368 included in region infor 
mation Ri may point to reuse region identi?ed by TAGi and 
version index 370 may point to a certain version bit in the 
set of version bits of this reuse region. If this version bit is 
set to 1, valid ?ag 355 can be reset to mark the reuse region 
as invalid. 

Buffers and lists shoWn in FIGS. 3A and 3B have labels 
shoWn above double lines. For example, reuse buffer (FIG. 
3B) is shoWn With labels “TAG,” “INSTANCE LIST,” and 
“VALID.” The labels are shoWn for illustrative purposes, 
and in some embodiments, are not physically included in the 
buffers and lists. 

FIG. 5 shoWs a processing system according to an 
embodiment of the invention. Processing system 500 
includes processor 520 and memory 530. In some 
embodiments, processor 520 is a processor capable of com 
piling softWare and annotating reuse regions. Processor 520 
can be any type of processor capable of executing softWare, 
such as a microprocessor, digital signal processor, 
microcontroller, or the like. Processing system 500 can be a 
personal computer (PC), mainframe, handheld device, por 
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table computer, set-top box, or any other system that 
includes software. 

Memory 530 can be a hard disk, a ?oppy disk, random 
access memory (RAM), read only memory (ROM), ?ash 
memory, or any other type of machine medium readable by 
processor 520. Memory 530 can store instructions for per 
forming the execution of the various method embodiments 
of the present invention such as processes 200, 400 and 450 
(FIGS. 2, 4A—4B) and the process discussed above for 
compiling and annotating softWare that includes reuse 
regions. 

It is to be understood that the above description is 
intended to be illustrative, and not restrictive. Many other 
embodiments Will be apparent to those of skill in the art 
upon reading and understanding the above description. The 
scope of the invention should, therefore, be determined With 
reference to the appended claims, along With the full scope 
of equivalents to Which such claims are entitled. 

What is claimed is: 
1. A method for maintaining reuse invalidation informa 

tion pertaining to a memoriZation phase, the method com 
prising: 

identifying a neW instance of a reuse region; 

encountering an aliased memory operation instruction in 
the reuse region; 

adding neW instance information to a corresponding entry 
in a reuse invalidation buffer, the neW instance infor 
mation including a reuse instance index pointing to the 
neW instance of the reuse region and a version index 
pointing, to a certain version of the neW instance of the 
reuse region; and 

When reaching the end of the reuse region, setting a 
current version of the neW instance in a reuse buffer. 

2. The method of claim 1 Wherein: 

the reuse buffer contains a plurality of instances of the 
reuse region, each of the plurality of instances includ 
ing a set of version bits and a current version counter; 
and 

setting the current version of the neW instance in the reuse 
buffer comprises modifying a corresponding set of 
version bits and a corresponding current version 
counter. 

3. The method of claim 2 further comprising pointing the 
version index in the entry of the reuse invalidation buffer to 
a particular version bit Within a set of version bits of the neW 
reuse instance, the particular version bit indicating that the 
created version of the neW reuse instance is current. 

4. The method of claim 1 Wherein identifying the neW 
instance of the reuse region includes: 

identifying an existing instance of the reuse region for 
replacement by the neW instance; 

de?ning a reuse instance index for the neW instance; 

creating a temporary instance for the neW instance; 
considering the temporary instance as a next version of 

the existing instance; and 
pointing the version index in the entry of the reuse 

invalidation buffer to a version bit identifying the next 
version of the existing instance. 

5. The method of claim 4 further comprising discarding 
the temporary instance upon encountering a reuse region 
instruction directing subsequent execution of a program to a 
code outside of the reuse region before reaching the end of 
the reuse region. 
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6. The method of claim 4 further comprising: 
reaching the end of the reuse region; 
replacing the existing instance With the neW instance; and 
triggering the version bit identifying the next version to 

indicate that a version representing the neW instance is 
current. 

7. A method for invalidating instances of an aliased reuse 
region, the method comprising: 

determining that an aliased memory location has been 
updated; 

?nding an entry representing the aliased memory location 
in a reuse invalidation buffer; 

identifying at least one instance and a corresponding 
instance version in a reuse buffer, the at least one 
instance and the corresponding version being referred 
to by the reuse invalidation buffer entry representing 
the aliased memory location; and 

marking the at least one instance as invalid upon deter 
mining that the corresponding instance version is cur 
rent. 

8. The method of claim 7 Wherein each entry in the reuse 
invalidation buffer comprises a memory address represent 
ing the aliased memory, a siZe of the aliased memory 
location, and at least one pair of pointers that includes a 
reuse instance index pointing to one of a plurality of 
instances held in the reuse buffer and a version index 
pointing to a particular version of the one of the plurality of 
instances. 

9. The method of claim 8 further comprising determining 
Whether the entry in the reuse invalidation buffer represents 
the aliased memory location based on the corresponding 
address and siZe. 

10. A system comprising: 
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a memory to store regions of code; and 

a processor, coupled to the memory, to identify a reuse 
region in the regions of code, the processor comprising 
a reuse buffer holding a plurality of instances of a reuse 

40 region, each of the plurality of instances being identi 
?ed by at least one version, and a reuse invalidation 
buffer having a plurality of entries, each of the plurality 
of entries including at least one pair of pointers to point 
to a particular version of one of the plurality of 
instances held in the reuse buffer. 

11. The system of claim 10 Wherein each of the plurality 
of entries of the reuse invalidation buffer comprises a 
memory address representing an aliased memory location 
accessed by an aliased memory operation instruction Within 
the reuse region, a siZe of the aliased memory location, and 
at least one pair of pointers that includes a reuse instance 
index pointing to one of the plurality of instances held in the 
reuse buffer and a version index pointing to a particular 
version of the one of the plurality of instances. 

12. The system of claim 11 Wherein the processor further 
includes a processing core to mark as invalid a reuse 

instance pointed to by the reuse instance index responsive to 
an aliased memory update instruction upon determining that 
a reuse instance version pointed to by the version index is 
current. 

45 

55 

6O 13. A system comprising: 

a memory to store regions of code; and 
a processor, coupled to the memory, to identify a reuse 

region in the regions of code, the processor comprising 
65 a reuse buffer holding a plurality of instances of the 

reuse region and a reuse invalidation buffer having a 
plurality of entries, each of the plurality of entries 
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including a memory address that represents a beginning 
of a memory area covering multiple aliased memory 
addresses and a list of pointers to point to correspond 
ing instances Within the plurality of reuse instances 
held in the reuse buffer, such that the corresponding 
instances can be invalidated responsive to a memory 
instruction that accesses one of the multiple aliased 
memory addresses. 

14. The system of claim 13 Wherein each of the plurality 
of entries in the reuse invalidation buffer further includes a 
siZe of the memory area covering multiple aliased memory 
addresses, and a matching pointer to a particular version of 
the instance for each pointer Within the list of pointers. 

15. The system of claim 14 Wherein the processor further 
comprises a processor core to invalidate the instance respon 
sive to an aliased memory update instruction upon deter 
mining that the particular version of the instance is current. 

16. Acomputer readable medium comprising instructions, 
Which When eXecuted on a processor, perform a method for 
maintaining reuse invalidation information, the method 
comprising: 

identifying a neW instance of a reuse region; 

encountering an aliased memory operation instruction in 
the reuse region; 

adding an entry to a reuse invalidation buffer, the entry 
including a reuse instance indeX pointing to the neW 
instance of the reuse region and a version indeX point 
ing to a certain version of the neW instance of the reuse 
region; and 

When reaching the end of the reuse region, setting a 
current version of the neW instance in a reuse buffer. 

17. The computer readable medium of claim 16 Wherein: 
the reuse buffer contains a plurality of instances of the 

reuse region, each of the plurality of instances includ 
ing a set of version bits and a current version counter; 
and 

setting the current version of the neW instance in the reuse 
buffer comprises modifying a corresponding set of 
version bits and a corresponding current version 
counter. 
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18. The computer readable medium of claim 17 further 

comprising pointing the version indeX in the entry of the 
reuse invalidation buffer to a particular version bit Within a 

set of version bits of the neW reuse instance, the particular 
version bit indicating that the created version of the neW 
reuse instance is current. 

19. Acomputer readable medium comprising instructions, 
Which When eXecuted on a processor, perform a method for 

invalidating instances of an aliased reuse region, the method 
comprising: 

determining that an aliased memory location has been 
updated; 

?nding an entry representing the aliased memory location 
in a reuse invalidation buffer; 

identifying at least one instance and a corresponding 
instance version in a reuse buffer, the at least one 
instance and the corresponding version being referred 
to by the reuse invalidation buffer entry representing 
the aliased memory location; and 

marking the at least one instance as invalid upon deter 
mining that the corresponding instance version is cur 
rent. 

20. The computer readable medium of claim 19 Wherein 
each entry in the reuse invalidation buffer comprises a 
memory address representing the aliased memory, a siZe of 
the aliased memory location, and at least one pair of pointers 
that includes a reuse instance indeX pointing to one of a 

plurality of instances held in the reuse buffer and a version 
indeX pointing to a particular version of the one of the 
plurality of instances. 

21. The computer readable medium of claim 20 further 
comprising determining Whether the entry in the reuse 
invalidation buffer represents the aliased memory location 
based on the corresponding address and siZe. 
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